ABSTRACT: Photo-cross-linkable polyelectrolyte films, whose nanomechanical properties can be varied under UV light illumination, were prepared from poly(L-lysine) (PLL) and a hyaluronan derivative modified with photoreactive vinylbenzyl groups (HAVB). The adhesion and the growth of two model bacteria, namely Escherichia coli and Lactococcus lactis, were studied on non-cross-linked and cross-linked films to investigate how the film stiffness influences the bacterial behavior. While the Gram positive L. lactis was shown to grow slowly on both films, independently of their rigidity, the Gram negative E. coli exhibited a more rapid growth on non-cross-linked softer films compared to the stiffer ones. Experiments performed on photopatterned films showing both soft and stiff regions, confirmed a faster development of E. coli colonies on softer regions. Interestingly, this behavior is opposite to the one reported before for mammalian cells. Therefore, the photo-crosslinked (PLL/HAVB) films are interesting coatings for tissue engineering since they promote the growth of mammalian cells while limiting the bacterial colonization.
■ INTRODUCTION
Bacterial adhesion and biofilm development on medical devices represent a pending problem which causes a large part of hospital-acquired infections. 1−4 Notably, biomaterial-associated infections are considered to be a major cause of implant failure. The proper integration of a medical implant depends on the competition between host tissue integration and bacterial colonization. 5, 6 Therefore, the development of material surfaces, which promote the proliferation of eukaryotic cells in a controlled way while decreasing the development of biofilms remains a major challenge. Current approaches to limit bacterial development on biomaterial surfaces are based on the immobilization of bactericidal agents such as antibiotics or silver nanoparticles.
7−11 However, a major concern about these strategies is the potential cytoxicity of the antimicrobial agents or their role in the emergence of multiresisting pathogens. 12−14 Although physicochemical properties of the surface are known to affect the bacterial adhesion and proliferation, 15 they were poorly explored to reduce or to slow down the colonization of biomaterial surfaces. Charge and hydrophobicity of the surface have been reported to play an important role during the primary step of bacterial adhesion. 16−18 Moreover, very recent studies performed on nanostructured surfaces showed that the nanostructure affects bacterial adhesion and biofilm formation and more importantly individual bacterial cell function. 19−24 By contrast, it is now well established that physicochemical properties of the surface such as chemistry, topography, and mechanical properties modulate the adhesion and the response of eukaryotic cells. 25−29 Notably, it was shown that the mechanical stiffness of the substrate impacts significantly the adhesion and the proliferation of mammalian cells and more interestingly their function. 30−33 However this parameter has been barely explored as far as bacterial adhesion is concerned. 34−36 Van der Mei et al. reported notably that marine bacteria adhered in higher numbers on polyurethane (PU) substrates of higher cross-linking density and therefore higher rigidity, under certain flow chamber conditions. 36 The layer-by-layer (LbL) deposition of polyelectrolytes onto solid substrates is a versatile and easy-to-perform technique to produce thin films with various surface properties depending on the nature of polyelectrolytes used and the post-treatments performed. 37, 38 Moreover, the LbL technique can be applied to a wide range of substrata such as glasses, metals, or plastics. During the last decades, numerous studies have focused on the development of biofunctional LbL films promoting mammalian cell adhesion for tissue engineering applications. 39, 40 It was notably shown that chemically cross-linked LbL films based on biopolymers promote the adhesion of various mammalian cells due to their higher elastic modulus. 41 Van Vliet et al. reported the preparation of LbL films based on weak synthetic polyelectrolytes whose mechanical stiffness can be varied by changing the pH of the dipping solutions of polyanion and polycation. 34 Bacterial assays performed on these films suggested that an increase of the film stiffness promoted cell adhesion and colony growth. Recently, we have elaborated polyelectrolyte films based on biopolymers and whose mechanical properties can be reinforced through a UV light exposure. 42 To this end, an anionic hyaluronic acid derivative grafted with vinylbenzyl groups (HAVB) was LbL assembled with cationic poly(L-lysine) (PLL) onto a solid substrate (Scheme 1). The resulting multilayers were subsequently photo-cross-linked under UV light to increase their stiffness. By varying the content of VB groups grafted on the HA derivative and the exposure time, we showed that the elastic modulus of the films varied from 30 to 150 kPa. 42 The photocross-linking results in the formation of a C−C bond between vinyl groups present on HAVB chains. This methodology allowed us to vary the film mechanical properties without significantly changing their charge density, surface chemistry, and morphology in contrast with other processes based on chemical cross-linking or pH variations. Moreover, the photocross-linking is a clean and mild process avoiding the addition of potentially toxic substances. The adhesion and proliferation of C2C12 myoblasts on these films was shown to increase with the cross-linking degree. 42 Here, we propose to test the adhesion of bacteria on these films and to investigate the influence of the film stiffness on the bacterial response. The idea is to explore whether the film stiffness is a relevant physicochemical parameter to discriminate the adhesion and growth of mammalian and bacterial cells onto solid substrates. We thus paid special attention to keep constant all chemical and morphological characteristics of the films, while varying only their rigidity, by using the photo-crosslinkable system described in Scheme 1. Two types of wellestablished model bacteria, namely Lactococcus lactis and Escherichia coli, which differ by their shape, their Gram-stain class, and their growth conditions, were tested to evaluate whether the bacterial behavior observed on films of varying rigidity was influenced by the bacterial type.
■ EXPERIMENTAL SECTION
Materials. PLL (70 000 g·mol −1 ) and hyaluronic acid (HA, 200 000 g·mol −1 ) were supplied by Sigma-Aldrich (Benelux) and Lifecore Biomedical (USA), respectively. 4-Vinylbenzyl chloride was purchased from Acros (France) and was used without further purification. HA grafted by 37% of 4-vinylbenzyl groups (HAVB 37 ) was synthesized as described previously. 42 All the solvents and salts used were of analytical grade. Water was Milli-Q grade (resistivity higher than 18.2 MΩ cm).
Preparation of Polyelectrolyte Films. PLL and HAVB 37 were dissolved in 0.15 M NaCl at 0.5 and 1 g·L −1 , respectively. The pH of the solutions was set at pH 7.4 by adding 0.1 M NaOH. All solutions were filtered through a 8 μm Millipore membrane before use. The substrates used for multilayer growth were circular glass coverslips of 14 mm in diameter or fused silica slides (Hellma, France). They were cleaned by treatment in a hot piranha solution (H 2 O 2 (35%)/H 2 SO 4 (98%), 1:1, v/v) for 20 min (caution: piranha solution is extremely corrosive) and then thoroughly washed with pure Milli-Q water. The films were fabricated manually by alternately dipping the substrate in aqueous solutions of PLL and HAVB 37 for 10 min each. Between each deposition step, the substrate was thoroughly rinsed with a 0.15 M NaCl solution buffered at pH 7.4 to remove the excess polyelectrolyte. Films used in this study were prepared by 12 deposition cycles of PLL and HAVB 37 leading to (PLL/HAVB 37 ) 12 films.
Photo-Cross-Linking of Polyelectrolyte Films. Freshly prepared (PLL/HAVB 37 ) 12 films were cross-linked directly in buffer solution by exposure during 40 min at a distance of 12 cm to a model VL-215.LC (Vilber Lourmat) short-wave ultraviolet lamp (30 W) transmitting at 254 nm. The incoming UV intensity measured in these conditions with a VLX-3W radiometer was 0.5 mW cm −2 . Photopatterned films showing a pattern of rigidity were prepared according to the process described in Scheme 2. LbL assembly of PLL and HAVB was performed onto a transparent SUPRASIL-type fused silica substrate incorporating a metal grid playing the role of a photomask. The fabrication of this substrate was described in detail elsewhere. 43 After the deposition of 12 pairs of layers, the photo-crosslinking was performed by immersing the film upside down in buffer solution and exposing it to UV light according to the conditions described above. This protocol prevented any contact between the photomask and the polyelectrolyte film, thereby preserving its physical integrity.
Film Characterization. (PLL/HAVB 37 ) 15 films deposited onto fused silica slides (Hellma, France) were measured before and after photo-cross-linking with a Kontron UVIKON860 UV−vis spectrometer. The spectra were collected using an uncoated fused silica slide as a reference.
A Vertex 70 spectrophotometer (Bruker Optics Gmbh, Ettlingen, Germany) was used for the acquisition of FTIR spectra. Films built in 0.15 M D 2 O on a silicon substrate and subsequently dried were studied in transmission mode. Single-channel spectra were recorded between 400 and 2000 cm −1 with a 2 cm −1 resolution by means of the OPUS Software v6.5 (Bruker).
Contact angle measurements were performed in the captive air bubble configuration, using a home-built copper cell with glass windows, filled with Milli-Q water. An air bubble of about 1 mm diameter was trapped below the samples, and images of the bubble were taken with a digital camera. The bubble shape was then fit near the triple line by arcs of a circle, using a home-written program, and the left and right contact angles were averaged to obtain the contact angle.
AFM imaging of homogeneous non-cross-linked and photo-crosslinked films were carried out in a liquid (Hepes-NaCl buffer containing 0.15 M NaCl and 20 mM Hepes at pH 7.4) in contact mode using a Nanoscope V atomic force microscope (AFM; Veeco, California). Pyramidal silicone nitride cantilevers (MLCT-Microlever Probes, Veeco Instruments, Germany) with force constants around 60 mN m −1 were used. AFM imaging of photopatterned films was performed in the intermittent-contact mode with a PicoPlus microscope (Agilent Technologies) equipped with a 100-μm scanner. The analyses were realized in 0.15 M NaCl solution (pH 7.4) using the MAC mode. A type I MAC lever (Agilent Technologies) with a magnetic coating covering the backside of the cantilever was used. The resonance frequency of the cantilever was ∼45 kHz in water, and its nominal spring constant 0.11 N m −1 . The analysis of the images was performed using homemade procedures developed in Igor Pro (Wavemetrics, version 6.05).
Bacterial Assays. L. lactis NZ3900 and fluorescent E. coli TOP10 and MG1655 (strains kindly provided by Institute of Life Science and Institute de Duve of UCL, Belgium) were precultured overnight at 37°C while shaking in GM17 medium (supplemented with 0.5% glucose) and Luria−Bertani (LB) broth (purchased from SigmaAldrich), respectively. Two 10 mL aliquots of these bacterial suspensions were centrifuged (10 3 rpm for 5 min at 4°C) to harvest the bacterial cell pellets, which were subsequently resuspended in a 0.15 M NaCl sterile solution. The pH of the NaCl solution was fixed at 6.3 and 7 for L. lactis and E. coli, respectively. The cells were rinsed twice by centrifugation/resuspension cycles to ensure complete removal of the culture media.
The film-coated glass slides were introduced into 24-well plates and 2 mL of diluted bacteria suspension (10 7 colony forming units CFU mL −1 measured via optical density) was added. After 1 h at room temperature without shaking, the samples were removed from the wells, gently rinsed with 0.15 M NaCl solution to remove nonadhered bacteria, immersed in 5 mL of reconstituted chemically defined medium (CDM) supplemented with 1% glucose and M9 supplemented with 0.2% glucose, leucine and/or cassine for L. lactis and E. coli, respectively, then incubated at 30 and 37°C under gentle shaking for L. lactis and E. coli, respectively. The pH of the medium was fixed at 6.4 and 7 (by adding 0.1 M NaOH or 0.1 M HCl) for L. Lactis and E. coli, respectively, to optimize the bacterial growth conditions. 44, 45 pH measurements were regularly performed in the medium during the tests to check the stability of the growth conditions. Moreover, some assays were performed while changing the CDM medium once during the experiment to assess whether this operation affects the bacterial multiplication onto the sample surface. After a given time, the samples were removed, gently rinsed with buffer solution, and observed with an optical microscope to estimate the growth of the adhered bacteria. The experiments were performed in triplicate on three different dates for each bacterial strain.
To check that E. coli and L. lactis properly grew during the experiments, control tests were simultaneously performed in solution. For this, bacteria were suspended in CDM media with an initial concentration of 1 × 10 7 and 5 × 10 7 CFU mL −1 for E. coli and L. lactis, respectively, then exposed to the same experimental conditions than used for the growth of bacteria onto the film surface. The Figure 1 . UV−vis spectroscopy (A) and FTIR spectroscopy (B) measurements performed on (PLL/HAVB 37 ) films before (continuous line) and after photo-cross-linking (dashed line); the UV exposure time used to achieve photo-cross-linking was 40 min. multiplication of bacterial cells in CDM was followed by measuring the increase of the optical density of the suspension as a function of the time. The results obtained for E. coli and L. lactis are displayed in Figure S1 (Supporting Information).
The viability of bacteria adhered onto polyelectrolyte films was estimated by means of the LIVE/DEAD BacLight viability kit L7007 (Molecular Probes) containing SYTO 9 and propidium iodide dyes according to the procedure described elsewhere. 46 Microscopy Observations. To estimate bacterial growth onto the films, first assays were performed to enumerate the colony forming units obtained after detachment of the bacteria from the film surface and their subsequent culture on agar plates. However, it was shown that the conditions used to detach bacteria from the film surfaces affect significantly their culturability.
■ RESULTS AND DISCUSSION
Film Characterization. To assess the influence of the LbL film stiffness on bacterial behavior, non-cross-linked and photocross-linked (PLL/HAVB 37 ) films were prepared. UV−vis spectroscopy measurements performed on these films clearly revealed the disappearance of the absorbance peak centered at 252 nm after UV exposure (Figure 1 ). This feature testifies of the complete conversion of benzyl groups grafted onto the HA chains and, consequently, of the formation of carbon−carbon cross-links inside the films as discussed in detail in our previous study. 42 Note that this reaction corresponds only to the transformation of two vinyl groups (−CHCH 2 ) into four methylene groups (−CH 2 −). Accordingly, the comparison of FTIR spectra measured on the same films before and after UVcross-linking revealed that the chemistry of the films remained essentially unchanged upon UV irradiation (Figure 1) .
To assess whether the photo-cross-linking reaction affects the surface morphology of the films, AFM imaging was performed in liquid on both non-cross-linked and photo-cross-linked (PLL/HAVB 37 ) 12 multilayers (Figure 2) . Topographical images did not show a significant variation of morphology between both samples. The roughness (root-mean-squared (rms)) computed from these AFM images showed only minor variations from 6.3 ± 1.3 nm to 4.7 ± 2.3 nm for non-crosslinked and photo-cross-linked films, respectively.
Contact angle measurements performed in the captive air bubble configuration with the sample immersed in Milli-Q water, revealed that the cross-linking process did not affect the wettability of the film surface since a contact angle of 24 ± 5°w as measured for both non-cross-linked and photo-cross-linked films ( Figure S2 ).
AFM nanoindentation measurements performed previously by our groups on (PLL/HAVB 37 ) 12 hydrated films prepared in the same conditions showed that the elastic modulus varies from 30 to 150 kPa for non-cross-linked and cross-linked multilayers, respectively. 42, 43 Altogether, these results show that photo-cross-linkable (PLL/HAVB 37 ) multilayers are of interest to investigate the influence of substrate stiffness on cell behavior since the chemistry and morphology of these films remain essentially unchanged after photo-cross-linking while their elastic modulus increases. 42, 43 Another advantage of the (PLL/HAVB 37 ) system is the possibility to prepare patterned films showing a pattern of rigidity through a photolithography process. Such patterned films offer the possibility to investigate simultaneously the behavior of cells on both stiff and soft regions. To perform such a study, we prepared photopatterned films according to the process described in Scheme 2. A representative AFM phase image of a photopatterned film composed of 5 × 5 μm 2 stiffer cross-linked features distributed in a softer non-cross-linked background is displayed in Figure 3 . The pattern of rigidity is clearly visible from the phase contrast. Moreover, the photocross-linked features show a higher phase angle, which is in agreement with a higher rigidity. 47 Bacterial Assays. Two types of model bacteria, Gram positive L. lactis and Gram negative E. coli, were tested for their adhesive properties on these films to investigate the bacterial response versus both film stiffness and cell-type. Two strains of E. coli, namely, MG1655, which is widely used as a model E. coli K-12 wild-type, and TOP 10, which is directly derived from MG1655, were tested to investigate whether small genetic variations influence the bacterial behavior onto the surfaces. Image processing was performed on microscopy images to measure the average surface area covered by bacteria per field of view (Figure 4) .
The results obtained were computed as the percentage of surface coverage. Observations performed on the samples after 1 h of immersion into bacterial suspensions revealed that adhered microorganisms covered less than 4% of the film surface (Table 1) . These results are consistent with the weak adhesive properties of highly hydrophilic films incorporating HA toward bacteria. 6, 48 Interestingly, the surface coverage was slightly higher of about 17−31% on stiffer cross-linked films compared to the softer non-cross-linked ones independently of the bacterial type. These results are in agreement with previous results obtained by Van Vliet et al., 34 who showed that the stiffer films facilitated the initial adhesion of bacteria, as usually observed for eukaryotic cells. The limited difference of elastic modulus of about 120 kPa measured by AFM nanoindentations between stiffer photo-cross-linked and softer non-cross-linked (PLL/HAVB 37 ) films 42, 43 may explain the relative small difference in bacterial adhesion observed between both films. Moreover, viability tests performed by means of the Live/Dead BacLight kit revealed that the adherent bacteria were essentially viable as attested by their green staining ( Figure 5 ; results shown only for L. lactis).
Following the adhesion tests, growth experiments were performed with both bacterial strains in CDM. The relative bacterial growth on the films was estimated by computing the relative variation of the covered surface according to the following equation: with t corresponding to the time of growth. Beyond a short latency period of about 2 h, which certainly resulted from the stress suffered by bacteria during medium change between the adhesion tests and the growth experiments, the growth of bacterial microcolonies was observed on films for both L. lactis and E. coli strains. Moreover, viability tests performed with the Backlight kit evidenced that the most of these adhered bacteria were alive, even after a culture time of 8 h. However, kinetics measurements based on the estimation of the film surface covered by bacteria as a function of the time revealed very different growth behaviors between L. lactis and E. coli bacteria. Gram positive L. lactis grew continuously and very slowly on both tested films ( Figure 6 ). The relative growth after 8 h was only of about 35% and 60% on non-cross-linked and crosslinked films, respectively. By contrast, the Gram negative E. coli showed a more complex behavior and appeared to be more affected by the film stiffness ( Figure 7) . On softer non-cross-linked films, the surface area covered by bacteria first increased with time to reach a maximum, then slightly decreased. Although this behavior was observed for both E. coli tested strains, it was more pronounced for E. coli M6155, which showed a much higher growth. This behavior appeared for the two strains, regardless of whether the growth medium was replaced (TOP 10) or not (M6155) during the culture. Therefore, its most likely origin is the detachment of microcolonies from the film surface as was already described in a previous report. 49 Indeed, when the size of the microlonies become large enough, they tend to detach from the surface to disseminate themselves in the surrounding environment. On photo-cross-linked films, the growth of E. coli also reached a maximum after 4.5−6 h. However, for both strains, bacterial growth was much lower and much slower on these stiffer films than on non-cross-linked ones. Indeed, after 4.5 h of culture, the relative bacterial growth was of about 80 and 1600% on non-cross-linked films for E. coli TOP10 and E. coli M6155, respectively. In contrast, the relative growth on photo-cross-linked films reached a maximal value of only 20 and 545% for E. coli TOP10 and E. coli M6155, respectively. Therefore, even if M6155 strain grew more rapidly than TOP10 strain, both bacteria responded similarly to film stiffness: the lower the film stiffness, the higher and faster the cell growth.
To conclude definitely about the influence of the film stiffness on E. coli behavior, growth tests were performed with M6155 strain onto photopatterned films showing a micropattern of rigidity. Such experiments allowed to investigate simultaneously the behavior of cells on softer and stiffer regions. A representative image of the distribution of the cells observed after 4.5 h on photopatterned films is shown in Figure  8 . Interestingly, a higher number of bacteria was observed on softer background and on the border between softer and stiffer regions. Moreover, image processing performed on 21 microscopy images recorded in three different experiments revealed that the number-average size of bacterial microcolonies is 3 ± 0.5 and 1.6 ± 0.3 μm 2 onto softer and stiffer zones, respectively, whereas the relative surface occupied by the bacteria was on average 1.75 times larger on the non-crosslinked regions compared to photo-cross-linked ones.
This result provides the evidence that E. coli bacteria grow more rapidly on softer films than on stiffer ones. This feature contrasted drastically with the behavior observed previously for myoblast cells, for which a higher and a faster cell proliferation rate was measured on cross-linked films.
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The behavior of E. coli contrasts also with L. lactis, which was shown to be not significantly affected by the film stiffness. Such a difference between both bacteria may be explained by considering the varying composition and structure of the cell wall between both bacteria. Indeed, L. lactis is a Gram positive and nonmotile bacteria whose wall is essentially composed of a thick layer of partially cross-linked peptidoglycan. 50 This peptidoglycan forms a rigid three-dimensional structure that certainly limits the mechanoselectivity of the cell toward the substrate. By contrast, the cell wall of the Gram negative E. coli is composed of a thin layer of peptidoglycan covered by lipopolysaccharides, which form a soft external layer. 50, 51 Additionally, the surface of E. coli is decorated by various protein appendices such as flagella, pili, or fimbriae, which play a crucial role in the adhesion and motility of the cell. 51 These surface structures seemed to be more sensitive to the surface rigidity. The fact that E. coli growth was higher and faster on noncross-linked films might tentatively be explained by the fact that first adhered bacteria detached more easily from softer substrates and, then grew rapidly in solution and redeposited onto the film surface. However, since much larger colonies were observed on the softer parts of the patterned films compared to the stiffer ones, this argument does not appear likely.
The higher development of E. coli on softer films might also be tentatively ascribed to an easier partial reorganization of the polyelectrolyte chains in the softer films, due to the surface force exerted by bacterial cells, compared to the stiffer crosslinked films. This hypothesis should be explored in further works.
Our results contrast with the previous study reported by van der Mei et al., who reported that marine bacteria adhered in higher numbers on PU substrates of higher rigidity, in the GPa range. 35, 36 Van Vliet et al. 34 also showed that the development of bacterial colonies correlated positively with an increase of the film stiffness in the 1−100 MPa range, independently of the bacterial strain. Both studies thus involved substrates of significantly higher rigidities compared to ours (30−150 kPa), which is a first reason for the differences of behavior seen in the present work. In addition, the chemistry and morphology of our biopolymer-based films are quite different from the ones of these previous studies which were based on synthetic materials; since chemical variations are an important aspect in the bacterial response, our observations are not contradictory with these previous reports. In our study, the variation of the film stiffness was obtained via photo-cross-linking performed after film preparation, with minimal variations of film chemistry and microstructure as shown by AFM, contact angle, and spectroscopy measurements (Figures 1 and 2) . 42 Therefore, the results observed here may be explained solely by the variation of film stiffness in the 30−150 kPa range.
The variability in the results obtained on different LbL systems and bacterial strains evidence that the experimental conditions used for the tests have to be taken carefully into consideration to definitely conclude about the systematic behavior of the cells. Bacterial adhesion and growth are affected by various factors including the composition of the environment, the characteristics of the bacteria itself, and the characteristics of the targeted surface. Our system offers the possibility to compare the influence of the film stiffness on the bacterial behavior, independently from the variation of the parameters cited above.
■ CONCLUSION
The development of biofunctional surfaces that promote the adhesion of mammalian cells while preventing bacterial colonization is a key challenge in the field of tissue engineering field. However, the fearful ability of bacteria to colonize any kind of surface makes the work highly laborious. In this context, any strategy influencing negatively bacterial growth and positively mammalian cell development is of great interest. In the present work, polyelectrolyte films whose nanomechanical properties can be varied simply under UV illumination while keeping constant the other surface characteristics were used to systematically investigate the influence of the film stiffness on the bacterial behavior. Studies performed with different types of bacteria revealed that the growth of selected Gram negative bacteria was clearly influenced by the stiffness of the coating, which was not the case for Gram positive bacteria. This feature was explained by considering the surface characteristics of both cells. More interestingly, it was shown that the growth of Gram negative bacteria was slowed down on stiffer films compared to the softer ones. This result is of particular interest since it drastically contrasts with the behavior observed previously for mammalian cells. 42 Therefore, the surface stiffness seems to be a relevant parameter that should be exploited to regulate the surface colonization by both mammalian and bacteria cells. The stiffer photo-cross-linked LbL films based on PLL and HAVB are notably interesting coatings for tissue engineering applications since they promote cell adhesion while limiting bacterial proliferation.
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